Background: Pre-term birth is a major health care challenge throughout the world, and preterm labor
Introduction
Pre-term labor (PTL) is a major contributor to spontaneous premature birth, a condition associated with high maternal and fetal morbidity (1, 2) . Although the etiology of PTL is varied, the common endpoint between all causes remains the initiation and maintenance of forceful and rhythmic uterine smooth muscle (USM) contractions (3) . While progesterone therapy holds promise as a prophylactic treatment for certain subgroups of patients with history of pre-term birth (4), the mainstay of treatment for established PTL remains tocolysis (5, 6) . Unfortunately, conventional tocolytics have been plagued by side effects and a lack of sustained efficacy beyond 48 h of use (6) . Therefore, identification of novel tocolytic strategies is necessary to address this global health concern.
One potential tocolytic target is the calcium-activated chloride channel (CaCC) family member anoctamin 1 (ANO1). CaCC currents have long been recognized as important modulators of smooth muscle excitability (7) (8) (9) . These channels are voltage-gated and responsive to elevations in intracellular calcium levels, making them uniquely suited to participate in excito-mechanical coupling and action potential (AP) generation in smooth muscle tissues (7, 10) . The relationship between frequency, amplitude, and duration of USM contractions has long been associated with the frequency of AP bursts and the duration (plateau) of these bursts, respectively (11) . With regard to exito-mechanical coupling, Jones et al. demonstrated that CaCC are activated by calcium entry via voltage-gated calcium channels (VGCC), highlighting a relationship between CaCC and VGCC in both spontaneous and oxytocin-stimulated contractions in myometrium (7) . In the USM cell, CaCC activation leads to an enhanced outward chloride current to further depolarize the uterine smooth muscle cell membrane and thereby increase excitability. In this context, CaCC channel-mediated depolarization may assist in further VGCC's (L-type) activation for enhancing AP generation. In addition, some evidence suggests that CaCC may also participate in both stabilizing plateau potentials as well as influencing electrical spike frequency (12) . Furthermore, others have shown increases in CaCC flux following oxytocin stimulation of the rat uterus, highlighting its association with labor-induced hormonal fluctuations (13) . While the role of CaCC in myometrial contractility has been established as important, these studies have largely been limited to rodent models (7, (14) (15) (16) and did not examine a specific molecular target.
Molecular identification of the ANO1 channel as a CaCC was not established until recently (17) (18) (19) . The ANO1 channel is now known to play important roles in various cell types including airway and intestinal epithelial cells, smooth muscle cells, intestinal pacemaker cells, and sensory neurons (20) (21) (22) (23) . Our group has previously reported on the functional expression of the ANO family (TMEM16) in both airway and uterine smooth muscle (24, 25) . In USM we have shown that ANO1 antagonism reduces pro-contractile depolarizing membrane currents and inhibits elevations in intracellular calcium to promote relaxation of both murine and human uterine smooth muscle (25, 26) . However, classic ANO1 antagonists possess low potency and selectivity for ANO1. Although ANO1 inhibitors such as CaCCinh-A01, T16Ainh-A01, MONNA (MN), tannic acid (TA), and benzbromarone (BB) (Fig. 1 ) have been identified (20, (27) (28) (29) , studies simultaneously comparing their potency in the myometrium are lacking. While little is known concerning the safety profile of most of these drugs in vivo (especially in pregnancy), three of the compounds do belong to drug classes with known medicinal effects (gallotannins, anthranilic acid derivatives, and benzofurans). In this study, we questioned if functional differences exist between representatives of these three drug classes with known ANO1 antagonist properties and if a particular compound possesses statistically superior functional inhibition of human uterine smooth muscle contractility.
Methods

Reagents/Chemicals
All reagents were purchased from Sigma-Aldrich unless stated otherwise. BB and MN were dissolved in dimethyl sulfoxide (DMSO). TA were dissolved in double distilled water (ddH 2 O).
Human USM specimens
In accordance with the Institutional Review Board (IRB)-approved protocol (#AAAL4005), de-identified fresh human uterine tissue was obtained from the superior margin of the uterine incision performed following elective cesarean deliveries (> 38-40 weeks gestation). All tissue samples were from non-laboring patients. In all cases, the tissue was immediately placed in cold, sterile Hank's balanced salt solution (HBSS) on ice. The tissue samples were subsequently dissected to isolate smooth muscle strips for organ bath studies.
Cell culture
Human telomerase reverse transcriptase (HTERT) immortalized human USM cells were a gift from Dr.
Darlene Dixon (National Institutes of Health, NIH) (30) . The USM cells were seeded into a 75-cm 2 culture flask and grown in smooth muscle basal medium-2 (SmBm-2) with manufacturer's recommended additives (Lonza, Walkersville, MD, USA).
Functional organ bath force and frequency recordings; dose-response studies to establish functional differences between three classes of known ANO1 antagonists
Freshly obtained late gestation myometrium samples were finely dissected into 4 × 6 mm 2 strips and attached inferiorly to a fixed tissue hook in a 16-mL organ bath (Radnoti Glass Technology, Monrovia, CA) and superiorly to a Grass FT03 force transducer (Grass Telefactor, West Warwick, RI) using a silk thread. BioPac hardware and Acknowledge 3.7.3 software (Biopac Systems, Goleta, CA) were used to continuously record the muscle force. The uterine strips were equilibrated under 2.5 g of tension for 1 h in a modified Krebs-Henseleit Calcium flux studies; dose-response studies to establish functional differences between three classes of known ANO1 antagonists
All intracellular calcium measurements were performed using the ratiometric fluorescent calcium indicator Fura-2 (Calbiochem, Billerica, MA, USA) as previously described (31) . Human USM cells were grown to 100% confluence in 96-well black-walled clear-bottom plates and were used between passages 4 and 8. with either an ANO1 specific antagonist (BB, MN, and TA) or vehicle, followed by oxytocin 1 μM to induce G protein-coupled receptor (GPCR)-mediated calcium release.
Membrane potential fluorescent assay; dose-response studies to establish functional differences between three classes of known ANO1 antagonists
To determine whether inhibition of ANO 1 receptors induce membrane potential changes in cultured human uterine smooth muscle cells, the fluorometric imaging plate reader (FLIPR) in vitro fluorescent dye assay (Molecular Devices) was used as described by Wafford et al. (32) . Briefly, human uterine smooth muscle cells were grown to 100% confluence in 96-well black-walled plates and were washed with fresh warmed (37 °C)
Krebs buffer [consisting of (in mM) 140 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 10 D-glucose, and 11 HEPES, pH 7.4] three times. A stock solution (100% dye) of FLIPR blue dye was prepared by reconstitution of 1 vial (125 mg) with 100 ml of the Krebs buffer (assay buffer). A 50% working stock was prepared by further diluting the reconstituted blue dye 1:1 with assay buffer and was used to load cells (90 µl/well) over 30 min at 37 °C.
All reagents were dissolved in assay buffer. Uterine smooth muscle cells were exposed to varying concentra- 
Statistical analysis
Unless otherwise stated, the data were analyzed using a one-way analysis of variance (ANOVA) with the Bonferroni correction for multiple comparisons or unpaired two-tailed t-tests (for comparing two groups)
where appropriate. The data are expressed as the mean ± standard error (SE) and a P<0.05 was considered statistically significant. Dose-response curves were constructed using a four parameter logistic equation from
GraphPad Prism software as follows: [Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope))].
Results
Functional differences exist between the three classes of known ANO1 antagonists
We investigated the functional differences between the effects of the three classes of ANO1 antagonists on USM contractility using ex vivo human uterine tissue strips (Fig. 2) . Dose-response studies of BB, MN, and TA (1-500 μM) demonstrated a dose-dependent reduction in force and frequency of contractions in human late gestation myometrial strips pre-contracted with oxytocin ( Fig. 2A) . The half-maximal inhibitory concentration (IC 50 ) values of BB, MN, and TA on oxytocin-induced contractility of human USM were 34, 59, and 45 μM, respectively. Additionally, we observed significant differences in the minimum effective concentration to achieve statistical significance with BB being the most sensitive (10 μM, *P<0.05), followed by TA (25 μM,
**P<0.01) and MN (50 μM, ***P<0.001). Furthermore, comparison of the maximal inhibition demonstrated it
was equivalent between BB and MN and was achieved at 100 μM (***P<0.001). However, TA did not achieve complete functional inhibition of contractile force (Fig. 2B) . With regard to frequency, the data are expressed as percent changes from baseline frequency/hour and is analyzed using a one-way ANOVA and Bonferroni's multiple comparison test to detect statistical significance compared to the vehicle control. ANO1 antagonism mediated by BB (1 μM, ***P<0.001), MN, or TA (both 10 μM, ***P<0.001) significantly reduced the frequency (Fig. 2C) .
Reduction of peak intracellular calcium elevation associated with ANO1 antagonist-mediated inhibition of oxytocin-induced calcium release
To investigate the cellular mechanisms involved in relaxation induced by BB, MN and TA, the effects on Gq-coupled oxytocin-induced increases in intracellular calcium were investigated. Figure 3A we demonstrated that BB was the most sensitive drug based on its significant reduction in calcium flux at 10 μM compared to both MN and TA, which showed significant effects at 25 μM. Moreover, the maximal inhibition by all the drugs was equivalent (100 μM, ***P<0.001).
Three different classes of ANO1 antagonists hyperpolarize human uterine smooth muscle cells detected by a fluorescent potentiometric indicator
BB, MN and TA's ability to change membrane potential as a contributing mechanism to relaxation was also investigated utilizing human uterine smooth muscle cells in cluture. FLIPR membrane potentiometric dye was used to assess whether these three classes of ANO1 antagonists hyperpolarized uterine smooth muscle analyze differences between groups. There were significant differences in the minimum effective concentrations with BB being most sensitive (50 μM; ***P<0.001), followed by TA (100 μM; *P<0.5), followed by MN (250 μM; **P<0.01) (Fig. 4B) .
Discussion
This study highlights the functional differences among three distinct classes of ANO1 antagonists in human USM tissue and cells. The ultimate goal of this study was to compare representatives from three drug classes (gallotannins, anthranilic acid derivatives, and benzofurans) with known ANO1/TMEM16A antagonism in their capacity to serve as tocolytics. However, as shown by Fig. 1 -there is significant chemical structural differences between these compounds despite reported selectivity for TMEM16A/ANO1 inhibition.
Therefore, our study is unique in that we screened representatives from each of these drug classes in parallel using human USM tissue and cells in functionally relevant experimental platforms. This is important because most screening studies of ANO1 antagonists have use high-throughput assays in heterologous over-expression cell platforms or in animal models that do not model human pregnant USM physiology well (20) .
We believe this is of particular importance with regard to ANO1 since there is evidence that not all tissue types express the same complement of ANO1 splice variants (33, 34) , there is incomplete homology of ANO1 variant expression between humans and mice (35) , and differences in ANO1 splice variation can significantly change channel properties (36, 37) . Given these concerns, we chose to exclusively use human pregnant USM in our organ bath experiments to screen ANO1 antagonism effects in order to more closely mimic the clinical milieu under which tocolysis is needed. Our primary focus was to look at relaxation parameters using ex vivo organ bath to examine direct muscle force and frequency differences. In organ bath studies, we demonstrate that BB (benzofuran drug class) is the most potent antagonist studied with respect to force inhibition (at 10 μM; *P<0.05) compared to MN and TA, which showed significant effects in force at 50 μM (*P<0.05) or 25μM (**P<0.01), respectively (Fig. 2B) . With respect to frequency inhibition (Fig. 2C) , we demonstrated that BB achieved its significant reduction at 1 μM (***P<0.001) compared to both MN and TA, which showed significant effects at 10 μM (***P<0.001). To insure appropriate comparisons were made, all three drugs were assessed in parallel on samples from the same patient.
Our secondary focus was to relate our functional force findings to mechanistically related experimental assays in human smooth muscle cells. Forceful uterine contractions are thought to depend on local AP generation and propagation of this AP facilitated through the tissue. Two critical events tied to AP generation include Test was used to statistically analyze differences between groups. We see statistical differences in minimum effective concentrations with BB being most sensitive (50 μM; ***P<0.001), followed by TA (100 μM; *P<0.5), followed by MN (250 μM; **P<0.01). NS1619 (100 µM) is a negative control and K-gluconate (40 mM) is a positive control (*P<0.5, **P<0.01). (n=5, all groups from 7 different experiments).
a shift in USM cell membrane potential to a more depolarized state and elevations in evoked intra-cellular calcium levels (38) . Although the role of calcium in promoting myometrial contractility has been well established, the ionic contributions leading up to AP generation and ionic modulation of intracellular calcium dynamics remain incompletely understood. Nevertheless, ion channel modulation can limit AP firing and reduce myometrial calcium flux to facilitate USM tocolysis (39, 40) . Indeed, initial evidence for CaCCs role in myometrial contractility was first provided in studies examining rat myometrium which described a prominent inward (depolarizing) current that reduced the AP firing frequency of myometrial cells (7) . Although these investigators did not identify the actual ion channels responsible for their observations, they did demonstrate ubiquitous chloride channel blockade resulted in a significant reduction in the frequency of Ca 2+ transients. In this paper, we demonstrate all 3 ANO1 antagonists block oxytocin-induced calcium elevation (Fig. 3) . Comparatively, we demonstrate that BB exhibits significantly higher potency in reduction of calcium flux at 10 μM (***P<0.001) compared to both MN and TA, which showed significant effects at 25 μM (***P<0.001).
Consistent with these observations, our laboratory has previously shown in human and murine USM cells that ANO1/2 channel activity provides depolarizing currents, and that antagonism of these channels limits pro-contractile calcium release in both murine and human USM (25, 26) . This is in agreement with observations studying the role of ANO1 in other tissues. In several studies, ANO1 has been shown to be an important contributor to shifting resting membrane potentials from a relatively negative potential to more positive thresholds (41, 42) . In USM, the shift in resting membrane potential to more positive (depolarized) potential is a critical event required for activation of VGCC to reach AP threshold (43) . Given the mechanistic importance
of membrane potential, we tested the 3 ANO1 antagonists ability to suppress these critical contributors to AP generation by examining the ability of each ANO1 antagonists to elicit membrane hyperpolarization in a dose-dependent manner (Fig. 4) . In FLIPR studies, there were significant differences in the minimum effective concentrations with BB being most sensitive (50 μM; ***P<0.001), followed by TA (100 μM; *P<0.05), followed by MN (250 μM; **P<0.01). We found concordance between our cellular and tissue experiments, with BB being the most potent compound studied. (47) . Given that certain members of this family can possess a large number of galloyl moieties (ranging from 2 to 12 per molecule) they can be rather bulky. While TA commonly may represent a mixture these compounds with variable amounts of galloyl moieties, pharmaceutical grade TA is commonly isolated as a decagalloyl glucose (~10 moeties, Fig. 1C ). Since we used pharmaceutical grade TA, we suspect that steric hindrance and issues related to reduced tissue penetration may be responsible for the lack of maximal force inhibition we observed in our organ bath studies. For example, the molecular weight of TA is 1,701.20 whereas that of BB or MN is 424.08 or 338.31, respectively. Furthermore, TA has higher water solubility, which can restrict tissue penetration. This may account for the differences in effectiveness we observed between cultured cell effects and whole tissue effects for TA. Interestingly we observed no issues with maximal inhibition using TA in our cell culture studies, suggesting drug penetrance may have been compromised for tissue, but not for a monolayer of cells. TA is abundant in certain foods (nettles, berries and nuts) and beverages like tea and wine. As a mixed herbal form, TA reportedly has anti-microbial, anti-oxidant and anti-mutagenic properties (48, 49) . While it is generally considered safe to take orally in quantities commonly found in food (50) , there are serious concerns about high levels of systemic tannic acids and negative health effects including anemia, renal and hepatic toxicity (51) (52) (53) . Given these concerns, as a systemic supplement the use of TA as a tocolytic is not recommended in pregnancy. However, while TA was the least potent among the 3 compounds we tested, its structure may lend some insights into improved ANO1 antagonist development.
In a recent study, the evaluation of a select panel of anthranilic acid derivatives facilitated the identification of a potent ANO1 inhibitor, termed MN (28) . Selectivity tests of MN revealed that other chloride channels such as bestrophin-1, chloride channel protein 2, and cystic fibrosis transmembrane conductance regulator
were not blocked by MN (10-30μM) suggesting MN is the most selective ANO1 antagonist studied to date (28) . However, in another study MONNA displayed enhanced ANO1 selectivity (over ANO2). In this study,
MONNA inhibits whole-cell current recordings from HEK293T cells expressing mouse ANO1, while ANO2 currents remained largely intact even at high doses of MONNA (54) . In our studies, when compared to BB, MN induced less potent force inhibition. However, it showed an equivalent maximal inhibition with respect to force, frequency, and calcium inhibition. Although MN has not been administered to patients, it is an anthranilic acid derivative and is structurally similar to mefanamic acid (55) . Mefenamic acid is an inhibitor of COX, and has been used predominantly in Europe where it was prescribed to treat pain and migraines associated with menstruation (56) (57) (58) . Interestingly, this compound has been used in pregnancy and 1 study reported a positive benefit as a treatment for preterm labor (59) . This study had a very high rate of preterm delivery in the control group (40%), and mefenamic acid was not further pursued as a tocolytic with subsequent studies.
While this study has not been reproduced, it is intriguing to speculate if some of its potential tocolytic activity relates to ANO1 inhibition. However, although MN has not been specifically shown to possess COX inhibition, use of other anthranilic acid derivatives (including mefanamic acid) in pregnancy is cautioned against due to increased risk of premature closure of the fetal ductus arteriosus and oligohydramnios (60) .
BB was first identified as an ANO1 inhibitor following the screening of a relatively small chemical library (21) . Chemically, the Benzofuran family members are characterized as a heterocyclic compound comprising a fused benzene and furan ring (Fig. 1A) . This arrangement offers some advantages for novel compound synthesis. In fact, several benzofuran derivatives have been produced with novel anti-oxidant and anti-microbial activity, suggesting that BB may be amenable to modification that might enhance its selectivity for ANO1 (61, 62) . While BB did prove in our studies to be the most potent ANO1 antagonist studied, it does have nonspecific effects on other proteins. In particular, BB has been used clinically in humans as a treatment for gout (63) given its ability to also act as a xanthine oxidase inhibitor (64) . Interestingly, another xanthine oxidase inhibitor (allopurinol) have been administered to pregnant women without any untoward effects on labor, suggesting the relaxant effects we observe in USM are not related to XO inhibition. In addition, there are reports of hepatotoxicity related to BB treatment that did lead to its withdrawal from the markets of some countries in 2003 (65, 66) . While its safety has never been assessed in pregnancy, these side effects should be taken into account if BB is developed as a new tocolytic drug. Therefore, given its ex vivo effectiveness as a tocolytic we can only speculate as to whether structural optimization of BB or co-treatment with other classic tocolytic drugs (e.g. calcium channel blockers and β2 adrenergic receptor agonists) may allow for drug synergy and reduced side effect profiles. Promising studies are now underway looking at the potentiation these tocolytics when used in combination.
We utilized BB, MN, and TA in these studies because of their reported potency, specificity, and effectiveness targeting ANO1 in smooth muscle relaxation (67) . However, previous studies were limited by the fact that the majority of the drug screens were not performed in endogenous tissues of clinical interest (22, (33) (34) (35) but instead used engineered cell platforms for high-throughput, which may or may not resemble tissue-specific ANO1 expression patterns. In summary, we have demonstrated the pharmacological characteristics of three different classes of ANO1 antagonists, which may prove valuable for in silico modeling for further future ANO1 selective drug development. Furthermore, we suggest all tocolytic drug screens utilize similar ex vivo screening paradigm. Thus, our study provides evidence that the benzofuran class of ANO1 antagonists may be useful as tocolytics in the future.
